ABSTRACT. Hepatitis B virus (HBV) infection can cause HBVrelated cirrhosis, liver failure, and hepatocellular carcinoma. At present, a hepatitis B surface antigen (HBsAg) blood test is the primary clinical and diagnostic marker for the identification of a chronic HBV infection. In the current study, we isolated a novel HBV mutant from a chronic HBV patient, capable of causing a false negative test result for most (7 of 8) commercial HBsAg ELISA kits. DNA sequencing of the HBsAg region of this HBV mutant revealed two novel mutation sites that resulted in a Thr-to-Met substitution at amino acid (aa) position 118 and a Lys to Asn substitution at aa position 122 of HBsAg. Moreover, a mutagenesis assay showed that the aa118 (Thr to Met) mutation was the leading cause of the false negative results from the HBsAg ELISA tests. The false negative result was restored, in that the mutation was correctly detected, when the Thr at aa position 118 of this mutated HBsAg was reconstituted. In conclusion, our study revealed a novel aa118 Met mutation of HBsAg HBV that will benefit the future development of HBV diagnosis.
INTRODUCTION
The hepatitis B virus (HBV) is a worldwide public health problem, and the number of chronic infected cases of HBV is estimated to be between 300 million and 350 million globally (Lee 1997; Krajden et al., 2005) . Chronic HBV infection is responsible for at least one million deaths annually (Dienstag 2008) , and without medical intervention, 15 to 40% of chronic HBV cases will develop into HBV-related cirrhosis, liver failure, or end-stage liver disease, requiring liver transplantation, as well as hepatocellular carcinoma (Krajden et al., 2005) .
Based on seroprevalence data, China is considered one of the most highly endemic areas for HBV in the world (Ott et al., 2012) . Epidemiology studies suggest that HBV infection in China is up to 7% in adults (Ott et al., 2012) . Moreover, because China has the largest population in the world, the demand for blood transfusion during surgery, as well as other blood-related products for medical needs, is extremely high. Therefore, HBV infection caused by blood transfusion or from the use of HBV-contaminated blood products is another major transmission route, in addition to transmission via sexual contact, drug injection and vertical transmission from an infected mother to an unborn baby (Buddeberg et al., 2008; Toy et al., 2008) . This is especially true when the blood was collected from an HBV-infected donor during a period when it could not be detected, or when the donor was infected by a mutated HBV strain that can lead to false negative results during routine HBV screening (Candotti and Allain 2009) . For this reason, accurate HBV screening is necessary to ensure safe blood transfusion and good public health.
Currently, enzyme linked immunosorbent assay (ELISA)-based screening for Hepatitis B surface antigen (HBsAg) is the primary method for identifying individuals with chronic HBV infection (Shepard et al., 2006) . HBV is a member of the Hepadnaviridae family of viruses, and has a double-stranded DNA genome of approximately 3200 bp, containing four partiallyoverlapping open reading frames (ORFs) (Lee 1997; Krajden et al., 2005; Dienstag 2008 ). These ORFs code for envelope, core (precore/core), polymerase and X proteins (Krajden et al., 2005) . During HBV infection, HBsAg (a product of the envelope ORF) is produced in excess amounts and secreted into the blood from virus-infected liver cells (Krajden et al., 2005) . Therefore, HBsAg has been used as one of the main clinical markers to indicate acute or chronic infection and prevalence to HBV infection (Shepard et al., 2006) .
Many mutations affecting the antigenicity of HBsAg have been reported, and those HBV mutants were found to be associated with either immune escapes or diagnostic failures due to their impaired binding ability for anti-HBV antibodies (Carman et al., 1990; Carman 1997; Tian et al., 2007) . Therefore, false negative results for chronic HBV infection due to these HBsAg variations is a major concern for the safety of blood transfusion and the use of other blood products. In this study, we identified a blood sample from a donor that demonstrated a false negative result during HBsAg ELISA screening. Analysis of the HBV DNA sequence of the HBsAg region of this HBV isolate indicated two mutation sites [a threonine (Thr)-tomethionine (Met) substitution at amino acid (aa) position 118 and a lysine (Lys)-to-asparagine (Asn) substitution at aa position 122] that could be responsible for evading ELISA detection. A subsequent mutagenesis study demonstrated that the aa118 Met mutation of HBsAg was the major cause of the false negative ELISA test results. In summary, our data will benefit the future development of improved methods for HBV diagnosis.
MATERIAL AND METHODS

Ethics statement
Institutional Ethics Board approval was obtained from the Medical Ethics Committee, Zhumadian Central Hospital. All participating patients were informed of the purpose of this study and written consents were obtained from all participants.
Serum DNA extraction, PCR cloning and plasmids
DNA was extracted from a serum sample from a chronically infected HBV individual using a QIAamp DNA Mini Kit (Qiagen, Valencia, CA, USA) according to manufacturer protocols. The DNA was used as a template for cloning the HBsAg DNA fragment by PCR, using Phusion high fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) according to manufacturer protocols. Primers for PCR were designed according the HBV genotype B and C, and were synthesized by Invitrogen China (Invitrogen China, Shanghai, China). Primer sequences are listed in Table 1 . PCR products were purified using a Gel Purification Kit (Takara, Dalian, China) and ligated into the pIRES-Neo3 vector (Clontech Laboratories China, Beijing, China) to generate expression of the secreted form of the recombined HBsAg protein, as previously described (Dai et al., 2008) . All plasmids for mammalian expression were transformed to E. coli DH5α via heat-shock transformation. E. coli DH5α cells were maintained in-house. All vectors were confirmed via DNA sequencing performed by Genescript (Genescript, Nanjing, China). 
Cells and chemicals
HEK293T cells, maintained in Dulbecco's Modified Eagle Medium (DMEM) medium supplemented with 10% fetal bovine serum (Life Technologies, Carlsbad, CA, USA), were used for plasmid transfection and protein expression. Lipofectamine TM 2000 (Life Technologies) was used for transfection according to the manufacturer protocol. Forty-eight hours after the transfection, the supernatant containing the recombinant protein expressed from the plasmids was collected and used in the ELISAs.
Western blot analysis
SDS-PAGE and western blotting were performed as previously described (Patel et al., 2010; Nan et al., 2012) . Briefly, HEK293T cells that were transfected with different plasmids were lysed in Laemmli sample buffer and subjected to SDS-PAGE. The separated proteins were then transferred onto a PVDF membrane and probed with mouse monoclonal antibodies against HBsAg (Jingtiancheng Biotech, Beijing China) and tubulin (Sigma, St. Louis, MO, USA), followed by a goat anti-mouse IgG secondary antibody conjugated to horseradish peroxidase (Sigma). The signal was detected using a chemiluminescence substrate and was digitally recorded using a ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules, CA, USA).
HBsAg diagnosis ELISA kits and standard samples (Quality Control)
Eight commercial HBsAg diagnosis ELISA kits from different manufacturers were included in this study. However, the full names of these companies will not be disclosed here due to conflicts of interest between the manufacturers. HBsAg standard samples (Quality Control) were obtained from the Clinical Testing Center, China Ministry of Health. All ELISA tests were conducted according to manufacturer instructions for each kit and were repeated at least three times.
Statistical analysis
Data are reported as means ± SE. Differences in indicators between samples was assessed using the Student t-test. A two-tailed P value of less than 0.05 was considered significant.
RESULTS
Identification of a novel HBV isolate that evaded detection by most ELISA kits
During routine HBV screening of blood samples from donors in our department, we found one blood sample that demonstrated inconsistent results (one positive and one negative) from two HBsAg ELISA kits from two different manufacturers. Previous reports have described HBV mutants that were able to escape detection using existing HBsAg ELISA kits (Weber 2006; Echevarria and Avellón 2008) , leading to safety concerns. We therefore conducted a series of tests using several different ELISA kits, as well as a PCRbased HBV DNA detection method, to determine whether the blood sample was actually positive for HBV. Our test results showed that this blood sample was indeed positive for HBsAg, but that this HBV isolate was able to evade detection using most of the commercial ELISA kits for HBsAg (Figure 1 ). Of the eight ELISA kits used in this study, only one (No. 6) was able to detect this HBV mutant (Figure 1) . Moreover, even for the kit that was able to detect the mutated HBsAg, the S/N ratio was much lower than for the HBsAg QC sample (Figure 1) , suggesting the antibody used to coat the ELISA plate was only able to partially recognize the mutated HBsAg.
Expression of the mutated HBsAg from plasmids demonstrated similar ELISA testing results to the original serum sample
To identify the sequence location of the mutation sites that caused the false negative HBsAg ELISA test result, the whole HBsAg region of this novel HBV isolate was cloned into a mammalian expression vector, pIRSE-Neo3, and transfected into HEK293T cells to express the recombinant protein, HBsAg (rHBsAg). Western blotting using an anti-HBsAg antibody confirmed successful expression of the recombinant protein (Figure 2A) . The same set of eight commercial HBsAg ELISA kits that were used for the initial tests were then used to determine whether rHBsAg was able to mimic the HBsAg isolated from the original blood sample. Our data demonstrated similar ELISA results for both the serum HBsAg as well as the recombinant HBsAg expressed from HEK293T cells ( Figure 2B ), indicating that the mutation was successfully introduced into the plasmid and could be used in a mutagenesis assay.
A 118 Thr-to-Met mutation of HBsAg was the cause of the false negative ELISA test result
After confirming that plasmids expressing rHBsAg could be used in ELISA tests, DNA sequencing was conducted to identify the mutation site that led to the false negative data. Two unique mutation sites [at nucleotide (nt) positions 353 and 365] of HBsAg were identified. An A-to-T mutation at nt 353 led to a Thr-to-Met substitution at amino acid (aa) position 118, while an A-to-C mutation at nt365 led to an Asn-to-Lys substitution at aa position 122. Further testing was required to determine which of these two mutation sites was the cause of the false negative result is. Two primer pairs were designed (Table 1) to introduce point mutations that would revert the proteins back to wild type. Two constructs, pIRES-Neo3-HBsAg-M118Thr (containing the Met-to-Thr substitution at aa position 118 of the mutated HBsAg) and pIRES-Neo3-HBsAg-M122Lys (containing the Asn-to-Lys substitution at aa 122 of the mutated HBsAg), were generated and transfected into HEK293T cells. Western blot analysis confirmed successful expression of the plasmids ( Figure 3A) , and supernatants from the transfected cells were used for ELISA tests, using the same eight kits.
Restoring the Lys at aa position 122 (HBsAg-M122Lys; mutated HBsAg bearing 122 Lys) still demonstrated the same false negative results as seen with the mutated HBsAg (HBsAg-M), suggesting that the 122 Lys mutation did not play significant role in masking the mutation from the HBsAg ELISA diagnosis ( Figure 3B ). However, when the Met was restored at aa postion118 (HBsAg-M118Thr; mutated HBsAg bearing 118Thr), all ELISA kits were able to detect the mutation, indicating that the aa118 Met mutation is the determining factor for the false negative results obtained using most of the HBsAg ELISA kits ( Figure 3B ). Taken together, our data show that the Met at aa position118 changed the antigenicity of HBsAg, leading to false negative results from most commercial HBsAg ELISA kits. HBsAg-M for 48 h, then lysates were harvested for western blot using an anti-HBsAg antibody. B. ELISA for the HBsAg mutant expressed from plasmids and in blood samples. The Quality Control sample (0.5 mg) and negative control from each ELISA kit were included as positive and negative controls, respectively. (*P < 0.05).
DISCUSSION
During HBV replication, three different HBV surface antigens (small, middle and large) are generated that share a common C-terminal (226 aa). The small HBV surface antigen (generally defined as HBsAg) is 226 aa in length and is the major component of the viral envelope (Tian et al., 2007) . Further analysis of HBsAg indicates that the major hydrophilic region (MHR) between aa 99 and 169 bears conformational epitopes that represent the major target for neutralizing antibodies (Seddigh-Tonekaboni et al., 2000; Tian et al., 2007) .
HBV is a DNA virus; however, unlike other DNA viruses such as Herpesvirus or vaccinia virus, the replication of HBV comprises a unique stage that involves reverse transcriptase (Radziwill et al., 1990; Bartholomeusz et al., 2004) . The HBV-encoded polymerase is a novel, multifunctional reverse transcriptase composed of a reverse transcriptase (RT) domain (Toh et al., 1983) , an RNase H domain (Radziwill et al., 1990) , and a unique (N)-terminal The three HBsAg mutants were tested using the ELISA kits, along with appropriate controls. The Quality Control sample (0.5 mg) and negative control from each ELISA kit were included as positive and negative controls, respectively. *P < 0.05. domain called the terminal protein (TP), which functions as a protein primer (Bartenschlager and Schaller 1988) . The reverse transcriptase domain of HBV polymerase shows significant homology to retroviral RTs (Radziwill et al., 1990; Bartholomeusz et al., 2004) . As a result, HBV reverse transcriptase has a high mutation rate due to the lack of proof-reading activity, which is the main cause of HBV mutations (Deng and Tang 2011) . Moreover, the application of antivirus therapy as well as large-scale vaccinations have resulted in selective pressure for HBV to continually mutate, resulting in drug-resistant and immune escape mutations (Zuckerman 2000; Shaw et al., 2006) .
In this study, we identified two mutation sites located at amino acid (aa) positions 118 and 122 of HBsAg that could potentially cause the false negative results observed during ELISA screening. A mutagenesis study demonstrated that a Met-to-Thr substitution at aa position 118 was able to restore antigen recognition by all HBsAg ELISA kits used in this study, while an Asnto-Lys substitution at aa position 122 had minimal effect. These data suggest that the major cause of the false negative results is a Thr-to-Met mutation at aa position 118. The major neutralizing targets of HBsAg are conformational epitopes located between aa positions 99 and 169 (SeddighTonekaboni et al., 2000; Tian et al., 2007) , making it possible that the Thr-to-Met substitution at aa position 118, which lies within this region, will affect the three-dimensional confirmation of HBsAg, and therefore its antigenicity. Seven of the ELISA kits used in the current study failed to detect the HBsAg 118 Met mutant, but one kit was able to recognize it, suggesting that a different antibody may have been used to coat the ELISA plate.
The small S gene (HBsAg) of HBV is fully embedded in the polymerase gene. HBV mutations in the S gene have not only resulted in false negative results from some diagnostic kits due but may also be linked to drug resistance (Mizuochi et al., 2006; Deng and Tang 2011) . Our data suggest that the aa118 Met mutation in HBsAg also resulted in a Gln to His substitution at aa position 471 of the HBV polymerase. However, due to the limited blood sample we obtained from the original donor, we were unable to conduct further analysis, and whether this HBV polymerase mutation affects the replication of HBV is still unknown.
Manufacturers of HBsAg ELISA kits have improved the antibodies used to coat the plates in an attempt to prevent false negative results. However, HBV is a virus that is capable of mutating frequently due to the utilization of reverse transcriptase, and could therefore generate new mutations to evade detection both from a host immune system and from an in vitro diagnosis product. Therefore, frequent monitoring of new HBV mutations and evaluation of their effects on current diagnosis tools are important for public health. In summary, data from the current study will provide valuable information to enable further improvement of current HBsAg diagnosis methods.
